The dust is one of the main ingredients of the star formation process. This is also a sink and source of metals when it is created and then destroyed. This must be therefore taken into account to compute the chemical evolution of galaxies. We show here a basic model where the creation and destruction of dust is computed along the evolution of other phases of matter, as atomic, molecular and ionised gas, and stars. With this model, based in the first principle of creation and destruction of gas phases and dust, we compute a grid of almost a hundred of models varying 5 free parameters. After analysed the behaviour of the models with variations of free parameters, we compare our results with available data from different surveys and with observations from individual galaxies. We reproduce well the data for intermedium and rich metallicity regime. For the low metallicity, however, our models show a very slow increase of dust, and, in consequence, smaller DTG ratio than observed. Probably, other method to create H 2 in the early phases of evolution is necessary, although large uncertainties in the low metallicity galaxies data are also possible.
INTRODUCTION
Until the mid-20 th century, cosmic dust was for most astronomers an annoyance that worsened the observations of distant objects, since it absorbs the light that they emit. However, when the first observations in the IR began to measure the chemical composition and distribution of the dust in the Interstellar Medium (ISM), they began to raise theories about its role in the evolution of galaxies. Interstellar dust is made up of very small particles (∼ 1 µm) of grains of carbon, silicates and ices from other chemical species.
It is estimated that the entire mass constituting the ISM represents approximately a 10% of the total baryonic mass of a galaxy, of which ∼ 99% corresponds to gas and only a ∼ 1% is dust. Despite the insignificance in the mass budget of a galaxy, dust grains affect different fundamental processes and observational data of these galaxies, such as star formation (SF), reddening the Spectral Energy Distribution (hereinafter SED) or the creation of elements. Even constituting a minimum percentage of total mass budget of E-mail: iker.millan@ciemat.es † E-mail: mercedes.molla@ciemat.es ‡ E-mail: yago.ascasibar@uam.es the ISM, it has been demonstrated the great importance of dust in some key physical and chemical processes that occur in it, mainly in the star formation processes that occur in dense clouds molecular and in the ejection of metals when stars die. Thus, dust grains play a central role in the chemical evolution of a galactic region or galaxy. Therefore, classical chemical evolution models with the main objective of understanding how the elemental abundances appear in any region or galaxy (Mollá et al. 2015 (Mollá et al. , 2016 (Mollá et al. , 2017 , need to take into account this phase in the calculations. Thus, other type of models have appeared, such as those developed by Inoue (2011) ; Asano et al. (2013) or Zhukovska (2014) ; Gioannini et al. (2016) ; Zhukovska et al. (2016) ; Zhukovska, Henning & Dobbs (2018) , which try now to see how evolves the abundances of all species observed in the ISM, including in the dust, besides its stellar population. Consequently, Inoue (2011) developed a model for a Milky Way Galaxy (MWG) type, composed of stars, interstellar medium, metals and dust, and, after calibrating it with Galaxy data, he found that the source of dust by stars is not sufficient to level the destruction rate by supernovas, suggesting that the dust growth by material accretion in molecular clouds must be necessary. In this work, the author uses simple recipes for the stellar remnant mass and yields of metal and dust based on models of stellar nucleosynthesis and dust formation. The conclusion is also the one obtained by Zhukovska, Henning & Dobbs (2018) , based in their previous works (Zhukovska 2014; Zhukovska et al. 2016 ) obtained with hydrodynamic simulations of the life cycle of giant molecular clouds (GMCs). They find that the relation of the Si elemental abundance with the gas density can not be reproduced without dust growth in ISM.
In this work, our objective is to develop a evolution model for our Galaxy (treated as a whole) including the dust creation, and the star formation from first principle, and also, taking into account the dust grains growth in the ISM, and thus to obtain the evolution on time of metallicity as the gas (including diffuse, ionised and molecular phases) and star densities. We will treat carefully all phases of creation and destruction of the dust, but also for other gas phases, mainly the molecular gas.
The so-called "dust cycle" basically consists of the following processes (see Zhukovska, Gail & Trieloff 2008 , hereafter Z08) (Gioannini et al. 2016; Asano et al. 2013 ):
(i) Origin of dust: sources of production by stellar death.
(ii) Ejection from stars and injection in the ISM. (iii) Evolution of dust: destruction, growth and production in the ISM.
(iv) Molecular clouds of gas and dust in the SF process (v) Star death: new production of dust These mechanisms constitute a cyclical process which we need to take into account in the GCE models. The two sources major dust in the Universe are generated in stellar death processes by: a) Stars of low and intermediate mass (∼ 0.8 M ≤ m ≤ 8 M ) in its sequence principal, when they evolved in the asymptotic branch of the giants, that is, AGB stars (Ferrarotti & Gail 2006; Zhukovska, Gail & Trieloff 2008; Ventura et al. 2012a,b; Di Criscienzo et al. 2013; Nanni et al. 2013; Dell'Agli et al. 2015 Ginolfi et al. 2017); Massive stars (initial m > 8 M ) that due to the collapse of their core derive in type II SNe (Todini & Ferrara 2001; Schneider 2004; Nozawa et al. 2007; Bianchi & Schneider 2007; Cherchneff & Dwek 2009 Marassi et al. 2014 Marassi et al. , 2015 Sarangi & Cherchneff 2015; Bocchio et al. 2016; Ginolfi et al. 2017) .
The dust production in the diffuse part of the ISM is very inefficient, because the time-scales needed to make dust are much longer than the ones necessary to destroy it (Tielens 1998) ; it is therefore indispensable to search for other primordial sources of production in order to justify the amounts of dust observed in the Universe. Some studies have suggested as possible secondary sources of dust the next ones:
(i) White dwarf stars in binary systems that end as SNe type Ia (Nozawa et al. 2011);  (ii) Massive stars in the red giant branch (RGB); (iii) Very massive stars with initial masses higher than 40 M during the luminous blue variable phase (LBV, Luminous Blue Variable);
(iv) Wolf-Rayet type stars (WR); (v) Stars of population III -super massive-without rotation (initial m ≥ 200 M ) during the red supergiant phase (RSG) as suggested by Marassi et al. (2015) .
Most of existing theoretical models of dust formation are based on condensation processes of materials in solid state from their gaseous phase in an oversaturated state called nucleation (Feder et al. 1966; Todini & Ferrara 2001; Nanni et al. 2014) . For this to happen, the partial pressure in the gas has to be greater than the vapour pressure in condensed phase (Valiante et al. 2009 ). In that case, the process of condensation of the material takes place. The grains grow due to random interactions that enhances the accretion, and to some chemical reactions. The size of the grains, therefore, will depend basically of three parameters: the gas temperature, T g , the gas pressure, P g , and the condensation temperature of the chemical species, T c .
This process of condensation to state solid from the gas phase of a species occurs in the ranges of P g between 10 −8 and 10 5 Pa and T g ≤ 1800 K. These conditions of pressure and temperature of gas are so restricted that limit the possible sources of dust grains that constitute the observed clouds of the ISM. The massive stars in evolutionary phases of pre-SN, in the case of RGB stars, can not be considered as sources of dust production observed in the ISM, since almost all the dust formed during this phase would be destroyed by the front of the shock wave produced by the ulterior SN explosion; WR stars are also discarded as possible sources, since it would be destroyed practically in its entirety after the burst of the star in SN, like the case of stars in RGB phase, although for different reasons (see Z08). Similarly, the possibility of formation of dust in population stars III very massive RSG is discarded, unless they rotate, since they end up collapsing in a black hole, with no-scatter of heavy elements due to the enormous gravitational action of this one.
Thus, currently, and taking into account the study of isotopic anomalies observed in dust grains (Z08), there is a consensus (although still today it remains the subject of a large debate in the scientific community), in determining that the two main processes that are involved in the formation of interstellar dust grains are, as has been previously commented, AGB stars and type II SNe.
However, observations made in the millimetre and submillimetre ranges of quasars to high redshift (z > 5) have demonstrated the existence of dust in the early stages of Universe. In these stages, it is very difficult to produce dust from stars of low and intermediate masses that evolve to AGB stars, since their evolutionary mean lifetimes are ∼ 10 8 to 10 9 yr, what means of the order of the age of the Universe at that time (Morgan & Edmunds 2003) . Therefore, this process of stellar death can not explain the total amount of dust observed at high redshift, with SNe Ia ejections being the only ones able to produce a condensation of the grains fast enough to give an explanation to the large masses of dust observed in the Early Universe (Valiante et al. 2009 ). There is currently no observational evidence of dust production by SN-Ia, and evolution models, such as that proposed by Nozawa et al. (2011) , only have a theoretical basis. There is also no evidence in stars of population III very massive RGSs and, in fact, have only been taken into account for the purposes of source of theoretical production, not having been incorporated to date in any evolution model. Already in the ISM, the dust undergoes different processes of evolution, which affect its abundance, total mass, size and distribution of the grain, phase, etc. Some processes change the total dust mass, such as, the growth by accretion or the destruction as thermal or chemical sputtering. Others, modify the dust properties, as the shattering or fragmentation by grains collisions modifying the size of grains. The destruction of dust grains by SNe events is basically due to three phenomena:
• To the thermal pulverisation of the grains by collisions with the particles of existing gas in the ISM (e.g., Nozawa et al., 2006 as cited by B07 Gioannini et al. 2016; Goodson et al. 2016) • To the action produced by the reverse shock -reverse shock -unchained by the ejection of the SN to meet the existing gas in the ISM (Bianchi & Schneider 2007; Nozawa et al. 2003 Nozawa et al. , 2007 Nozawa et al. , 2011 • The destruction of dust by the passage of the wave front of a SN depends largely on the density of the surrounding ISM: the higher the density, the higher the percentage of dust mass destroyed. According to B07, the fraction of the initial mass of dust is between 2% for a ρ ISM > 10 −23 g cm − 3 and 20% for ρ ISM = 10 −25 g cm − 3 in a period of 40000 to 80000 yr after the explosion in SN. In the case of thermal spray, being a surface process, the time scale of destruction of powder is proportional to the size of the grain, surviving to a lesser extent how lower is this
• A recent study from Hoang et al. (2018) suggests that the radiation fields of the surroundings of very luminous objects, such as, supernovae, kilonovae, or very massive stars could create such a torque to the dust grains that could destroy them.
In this work we present our basic model and the results obtained with it. In Section 2 we describe this model, giving the different prescriptions for each ingredient of the Galaxy and showing the free parameters we will use. We give the generic results in Section 3, first describing the time evolution for a fiducial model and then summarising the role of the cited parameters over the results, studying a set of more than a thousand of models. We will also compare the final results obtained by our grid of model with the observational data existing in the literature. Finally, we give our Conclusions in Section4.
MODEL DESCRIPTION
The main aim of chemical evolution models is to describe the time evolution of the different chemical elements within a galaxy and this way interpret the observational data in terms of the galaxy evolution. In our model, we consider that galaxies have a multiphase structure that includes neutral, ionised and molecular gas phases in the interstellar medium (ISM). We include the evolution of these phases of the ISM also the one of hydrogen, helium, metals and dust masses. The equations that determine the evolution of each component will be described in next subsections 2.1, 2.2, and 2.3, respectively, which are devoted to describe the different physical processes that involve the evolution of each component and are taken into account in this work. Furthermore, in order to compare easily the theoretical predictions of our model with observations, all phases are expressed in terms of the local surface density per unit area. A summary of the notation followed to describe the different components is provided in Table 1 . Total mass surface density, Σ total = Σ * + Σ ISM Σ * Stars and stellar remnants Σ ISM Interstellar medium, Σ ISM = Σ gas + Σ dust Σ gas Gas,
Metals in the gas phase
Gas
Since the ISM in a galaxy is not homogeneous, it is indispensable to model its structure as a multiphase structure. We consider: a) an ionised phase (with a temperature of ∼ 10 4 K), b) an atomic component (whose temperature is ∼ 100 K), and c) a molecular phase (with a temperature of 10 K). Moreover, these phases interchange mass among each other during the evolution of the region of study. The processes that intervene in the evolution are the photoionisation of atoms, the recombination of the ions with electrons to get an atom, the conversion of atomic hydrogen into molecular hydrogen, and the destruction of the former due to the photodissociation caused by the UV light from the young stellar population. In addition, the region/galaxy of study can accrete mass from outer regions or from the intergalactic medium (IGM) via infall.
Infall
Since we are not considering a closed-box model for our the region/galaxy, it is necessary to take into account the interaction with its environment. This interaction can make the region either gain mass, such as, infall, or loss mass, e.g. galactic outflows. We are going to include only infall in our model. The outflows are not essential in all galaxies (Gavilán et al. 2013 ) and they complicate unnecessarily the scenario. This way we eliminate one free parameter of our calculations. We are going to consider a whole galaxy with an infall from the Intergalactic Medium (IGM) that will be modelled via an exponential law:
which depends on two parameters, the collapse time scale, τ, that control the infall rate, and other that represents the final total surface density of the region of study at t = T 0 . Σ total . We assume T 0 = 13.6 Gyr as the age of the galaxy, Following this expression, if τ << T 0 , the majority of the gas will have already fallen at very short times. On the other hand, if τ ≈ T 0 , the gas will fall at a constant rate. We assume that this gas falling into the galaxy is ionised, since it comes directly from the IGM where the temperature is approximately 10 6 K, sufficient to ionise. Furthermore, the gas has primordial abundances, i.e., X 0 = 0.76 and Y 0 = 0.24, Z = 0 (Coc et al. 2012 ).
Photoionisation and Photodissociation
FUV photons are mainly emitted by young massive stars, O and B, and by planetary nebulae (PN). In order to compute how much mass of hydrogen is photoionised per unit of time, we need the number of ionising photons in the galaxy at each time step. To calculate this number, we use the number of ionising photons emitted by a Single Stellar Population (SSP) of metallicity Z and age t':
where Q i (Z, t ) is the number of ionising photons, L(λ, Z, t ) is the luminosity for a specific wavelength λ of a SSP of metallicity Z and age t , h is Planck constant and c is the speed of light. In the case of hydrogen ionisation, all the photons with wavelength smaller than 912Å will ionise the atoms. Then, to quantify the total number of ionising photons of H inside our galaxy model, N photo (t), we integrate to all the SSPs of ages t that contain the galaxy taking into account the star formation history in the galaxy Ψ(t):
being Q H = Q i with λ 1 = 0 and λ 2 = 912Å. Since most of the ionising radiation of a SSP comes from young blue stars that die in the first 10 − 100 Myr, it is possible to simplify the Eq. (3) to:
Thus, the efficiency of photoionisation per Star Formation Rate (SFR) unit, η ion , may be easily calculated for each time step. Using the resulting Q H (t , Z(t )) obtained from POPSTAR (Mollá, García-Vargas & Bressan 2009 ) for SSP with ages between 0.1 Myr and 15 Gyr and the IMF from Kroupa (1998) we obtain:
for the photoionisation efficiency for SFR unit. In order to obtain the efficiency of photodissociation of H 2 into HI, we will do a similar computation for the photoionising radiation by SSP's. The photons that dissociate the H 2 molecule correspond in this case to the LymanWerner band that goes from 912Å to 1107Å:
and in an equivalent way:
However, Draine & Bertoldi (1996) showed that not all the photons able to dissociate molecules actually dissociate them, because some of them excite the rotational and vibrational states, which reduces the dissociation probability to a 15%. They also showed that dust grains absorb up to 60% of the photodissociating photons. Therefore, the photodissociation efficiency per star formation rate unit is:
Recombination
The gas that has been ionised by photons is not maintained in the ionised phase. These ions can capture free electrons to recombine and become neutral again. This process is treated in our model with a characteristic timescale of recombination that follows the next equation:
where τ rec (t) is the recombination timescale of hydrogen, n i (t) is the density of ions in each time t, σ is the recombination cross section of the hydrogen without considering recombinations to the ground state, and v is the relative velocity between the ion and electron. We have used the mean values of the product of the cross section and the relative speed of the gas; i.e., < σv >, for a temperature of the ionised phase of 10 4 K, for the hydrogen given by Osterbrock & Ferland (2006) : < σ v >= 2.59 10 −13 cm 3 s −1 .
Molecular hydrogen formation
The conversion of atomic hydrogen into molecular hydrogen is another important physical process to implement in the current model due to the importance of molecular hydrogen in the star formation process. There are several channels for the creation of molecular hydrogen in the diffuse part of ISM such as: H − + H → H 2 + e − and H + + H → H + 2 + γ. However, due to the low density of the diffuse ISM, these reactions have very low rates. Thus, the most efficient process of the formation of H 2 occurs in the surface of the dust grains. In fact, the majority of molecules created in the ISM are formed in the surface of the grains. In that case, the timescale of molecular gas formation depends on the dust as:
where n ISM is the volume density of the ISM and R cloud is the molecular hydrogen formation rate. For R cloud , there exist prescriptions from two different authors: 1) the one from Cazaux & Spaans (2004) , based on the work of Tielens & Hollenbach (1985) , which uses explicitly the properties and amounts of dust; and 2) the one from Draine & Bertoldi (1996) , where the H 2 formation just depending on the metallicity of the gas. Even though the prescription of Cazaux & Spaans (2004) is a priori more useful since it takes into account the actual dust content of the ISM, this prescription is not able to create H 2 when the dust to gas ratio is too little, i.e., at early times of the galactic evolution. Hence, we have used the prescription of Draine & Bertoldi (1996) with a little modification previously done in Mollá et al. (2017) to consider the formation of molecular clouds in environments with too little dust (or equivalently low metallicity) via the inefficient mechanism that we have stated in the previous paragraph. In Mollá et al. (2017) , the formation of H 2 via mechanism that do not include dust is modelled adding a minimum metallicity to the metallicity of the ISM, Z lim = 10 −3 Z = 1.4 10 −5 , based on the work of Glover & Jaspen (2007) which found that the H 2 formation in the grains becomes dominant at this Z lim . Considering all that effects R cloud is:
where
is the metallicity we use normalised to the solar metallicity Z = 0.014 (Asplund et al. 2009) , and R H = 6 10 −17 cm 3 s −1 is the rate of molecular hydrogen formation that Draine & Bertoldi (1996) computed assuming Z = 0.02 and T = 100 K.
Stars

Star formation
The birthrate, i.e., the amount of stars of each mass that have been created per unit time and per unit area, usually being decomposed (Pagel 2009 ) in the following way:
where Ψ(t) is the SFR, defined as the mass in newly-born stars that is created per unit time, and φ(M) is the initial mass function (IMF), both functions will be explained hereafter. Despite its crucial importance in galactic evolution, there is not a theoretical model that takes into account all the effects that occur during star formation. Thus, it is necessary to use empirical laws to define the SFR law. Usually, these laws relate the SFR with the local (two-or threedimensional) density of the gas. One of the most commonly used empirical law is the Kennicutt-Schmidt law based on the works of the solar neighbourhood Schmidt (1959) and later supported by the study of around 100 nearby galaxies Kennicutt (1998) and expressed with the well known: Ψ(t) ∝ Σ(t) n gas , where Σ gas (t) is the surface density of gas and n is the exponent whose best-fitting value is n = 1.4 ± 0.15. However, there have been studies suggesting that the correlation between SFR and molecular gas surface density is stronger than the one between SFR and total gas surface density, (Wong & Blitz 2002; Krumholz & Thompson 2007; Robertson & Kravtsov 2008; Bigiel et al. 2008; Krumholz, McKee & Tumlinson 2009; Bigiel et al. 2010; Bolatto et al. 2011; Schruba et al. 2011; Krumholz, Dekel & McKee 2012; Leroy et al. 2013 , see e.g.). Thus, given that our model considers the multiphase structure of the galaxy, it would be possible to use a SFR law as:
, where Σ m is the mass surface density of molecular phase and τ Ψ is a characteristic timescale of star formation.
There are uncertainties in the value of τ Ψ and its possible variability, depending on the medium where star formation is happening. On the observational side, different authors have proposed different values: Bolatto et al. (2011) have observed a mean < τ Ψ >= 1.6 Gyr as a molecular gas depletion time with a great scatter (ranging form 0.6 to 7.5 Gyr) in the SMC, Leroy et al. (2013) have measured a τ Ψ of 2.2 Gyr with a 0.3 dex of scatter observing 30 nearby disk galaxies, Bigiel et al. (2008) have studied 7 spiral and 11 late-type/dwarf galaxies to see the differences between the centre and the outskirts, detecting a mean < τ Ψ >= 2.0 Gyr and Bigiel et al. (2010) have observed the outer part of the disk of spiral galaxies to conclude that τ Ψ is higher than the Hubble time in these regions. There have been, therefore, some attempts to make empirical laws considering these different depletion times on different environments, such as Krumholz, McKee & Tumlinson (2009) , whose empirical law depends on the surface density of the ISM where the star formation occurs. We are going to use here the expression given by these authors:
The IMF is the empirical distribution of the number of stars according to their initial masses in every star formation event. There are also some uncertainties in the exact shape of the IMF, specially in the low and high mass regime due to the difficulties of observing stars with extremely low masses, in a hand, and to the rapid death of massive stars in the other hand. In this work, we have assumed an IMF from Kroupa (1998) , which has the following shape:
where ξ 1 = 0.4690 and ξ 2 = 0.2345 are the normalisation constants, for a minimum stellar mass of m low = 0.1 M and a maximum stellar mass of m up = 50 M , which give
Stellar life meantimes
In order to make a more realistic model, we will not use the instantaneous recycling approximation, in which stars above certain mass threshold die instantaneously, whereas the stars that below that threshold will never die. Therefore, we need to take into account the lifetimes of the stars. We will use an empirical formula for stellar lifetimes provided in Raitieri, Villata & Navarro (1996) , which has been calculated using different data (Alongi et al. 1993; Bressanet al. 1993; Bertelli et al. 1994 ) over a stellar mass range of [0.6 M -120 M ] and a metallicity range of [0.0004 -0.05], (and therefore valid for our IMF mass range):
where τ m denotes the lifetime of a star of mass m and metallicity Z, and the coefficients a 0 (Z), a 1 (Z), and a 2 (Z) are given by the following expressions: a 0 (Z) = 10.13 + 0.07547 log Z − 0.008084(log Z) 
Stellar ejecta
The composition of the gas ejected by a star at its death is not the one of the molecular cloud from which the star formed. The material has been enriched with new metallic elements that have been created in the interior of the stars via stellar nucleosynthesis. The most relevant quantity for a chemical evolution model, is the ejection rate of an element j at the time t, i.e., E j (t):
where E j,AGB (t),E j,SNcc (t) and E j,SNIa (t) are the ejected rates for low-and intermediate-mass star, high mass stars and type Ia SNe, respectively.
Low and intermediate mass stars end their lives as planetary nebulae after passing the Asymptotic Giant Branch (AGB) phase, during which the star loses an important fraction of its mass. The elements that these objects eject to the ISM are mainly 12 C, 13 C, 14 N, and 19 F. Their contribution can be expressed by the following formula:
where τ m (m, Z) is the stellar age of each star of mass m and metallicity Z, computed according to equation (15), m lim (t, Z) is the minimum mass of a star of metallicity Z to have died prior to the moment t, t = t − τ m (m, Z), Ψ(t ) is the star formation history of the galaxy/region, φ(m) is the assumed IMF, and e j,AGB (m, Z ISM (t )) is the ejection of each star of mass m and metallicity Z ISM at the end of its life, in form of element j. We use the stellar yields given in Mollá et al. (2015) . The final fate of high mass stars ( m > 8 M ) is an explosion as core-collapse supernova. These supernovae are responsible for ejecting the so-called α-elements (i.e., 12 C, 16 O, 20 Ne, 24 Mg, 28 Si, 32 S, and 40 Ca) created in the interior of these massive stars during their evolution, as well as unstable isotopes of Ti, Cr, Fe, and Ni, created during the explosion itself, whose decay provides a significant fraction of the energy that is radiated away during the explosion.
The ejection rate of high mass stars is:
where, similarly to Eq. 17, e j,SNcc (m, Z) is the mass of each star of mass m and metallicity Z I S M at the end of its life, which is returned as element j. We have used the tables of Woosley & Weaver (1995) .
Other important quantity related to the previous one is the core collapse supernova rate R SNcc :
Finally, the third mechanism that ejects newlysynthesised metals to the ISM is the thermonuclear typeIa supernova. Although some other elements are produced during this explosion, the main contribution in this case is the synthesis of iron-peak elements (Ti, V, Cr, Mn, Fe, Co, and Ni), being the principal mechanism of iron enrichment in galaxies.
The ejecta of thermonuclear supernovae, as was shown by Iwamoto et al. (1999) , depends on the specific mechanism that triggers the explosion, in particular whether or not there are electron capture process taking place in the core of the white dwarf. The ejection rate of type Ia supernovae is:
where R SNIa is the rate of SNIa, e j,Ia is the ejecta of the element j in each SNIa, obtained from the tables of Iwamoto et al. (1999) for the model W7 (to be self consistent with the dust ejecta of these supernovae). In order to compute the ejecta of type Ia supernovae we need its rate of occurrence, defined by:
is the number of stars per unit mass in a stellar generation, the upper limit of the integral is the minimum between the age of the galaxy and the maximum delay time, τ max , defined by the time between the dead of the progenitor and the explosion, the lower limit is the minimum delay time, A B is the fraction of binary systems that can end up as a thermonuclear SNe, and DTD is the Delay Time Distribution, function that describes how many type Ia SNe progenitors die at time t. We use a constant A B = 10 −3 for the Kroupa IMF following Greggio (2005) and the DTD from Mannucci, Della Valle, Panagia (2006) .
With these three definitions of ejecta for each one of our group of objects which enrichment the ISM, we define:
In order to model in a self-consistent way the yields of metals and dust grains, we have subtracted the amount of the corresponding chemical element that is depleted in each dust grain species. Thus, the final ejecta of each elements is: 
where j index corresponds to the chemical element that we are subtracting, i index corresponds the dust species where the chemical element j is present, A i is the molecular weight of the dust species i and A j is the atomic weight of the chemical element j.
Dust
Given the relevance of the dust in some key processes of galactic evolution, it is important to model correctly its lifecycle. As already explained in the Introduction, dust grains are mainly created in the AGB phase of low and intermediate mass stars (m < 8M ) and at the final stage of the Supernova (SN) shock waves that can be either core-collapse SN or thermonuclear SN. We also consider that the grains are destroyed due to supernova shock waves, thermal sputtering, radiative torques and astration. Besides Gioannini et al. (2016) have argued that in order to reproduce the observed values of dust to gas ratio, it is necessary that, besides the own process of creation, the dust grains must gain mass by accretion in Figure 1 . Scheme of the structure of the ISM of our model and the processes of mass interchange the ISM. In addition to the dust growth by accretion, dust grains suffer a variety of effects in the ISM that change their size such as shattering, coagulation,... We are not going to consider here all these processes that change the grain size, and we will assume the unchanging grain size distribution from Mathis, Rumpl & Nordsieck (1977) .
Dust creation
The creation of dust grains inside the atmosphere of low or intermediate mass stars, according to Gail (2009) , do not contribute appreciably to dust enrichment until the last phases of their life, the AGB phase. AGB stars are considered by all the literature to be the main stellar contributors to dust enrichment.
As a consequence, when we take into account the ejecta of all the stellar populations, the contribution of the AGBs to the dust enrichment of the ISM at the time t is:
where e AGB (m, Z ISM (t − τ m ) is the dust ejecta for each AGB star of mass m and metallicity Z ISM . In this work, the table of e AGB,d (m, Z) have been obtained by a series of papers of different authors (Di Criscienzo et al. 2013; Ventura et al. 2012a,b; Dell'Agli et al. 2017) .
Secondly, we have to consider the dust produced by the massive stars which end up their lives as SNe.
where e d,SNcc (M, Z(t)) is the mass of dust species j that a star of mass m and metallicity Z injects to the ISM when it explodes as a core collapse SNe. Even though the SN shock waves are the main mechanism of dust destruction, there are evidences of dust in the surroundings of supernova remnants, e.g., Indebetouw et al. (2014) . However, it is extremely difficult to measure the mass of the progenitor, making impossible to obtain an empirical value of these ejecta. Hence, we use the results obtained by Marassi et al. (2015) from simulations of dust grains formation and their survival of reverse shock wave in SNe. We adopt the ejecta corresponding to n ISM = 1 cm −3 as a representative value of the mean density of the ISM. Finally, the last stellar contributor to dust formation in a galaxy are the type Ia SNe.
where e d, j,S N −I a , is the ejecta of the species j. In the current work we will use the data of Nozawa et al. (2011) . They have made the simulation of the creation of dust in the context of Ia SNe, supposing the carbon-deflagration W7 model for the explosion. In fact, they have considered the different effects that could affect the process such as the effect of the sticking coefficient, the probability that an atom gets stuck in the dust grain if it collides with the grain, and how the possible formation of molecules, e.g., CO and SiO affects the formation of dust grains. The formation of molecules reduces the amount of available atoms of key elements (C,O and Si), damaging the production of carbonaceous grains and silicates but leaving the iron grains unaffected. Given that we are not going to follow the evolution of CO and SiO, we will use the values obtained without considering the creation of molecules. Furthermore, we are going to use the sticking coefficient as a free parameter of the model, so we will make a linear interpolation between the two values, S = 1 and S = 0.1 calculated ejecta. Finally, the total ejected dust mass is just the sum of all the contributions from different sources:
Dust growth
As it has been stated before, there are several evidences that it is necessary to implement the dust growth by accretion of gas inside the GMCs. From the observational perspective, according to Rémy-Ruyer et al. (2014) , the accretion time inside the molecular should is very small, τ g ≈ 5 Myr, since the ice mantle should defrost slowly and the contribution of the core collapse SNe should be small, 0.01 − 0.16 M , too, in order to reproduce the observed trends of dust to gas ratio with respect to metals. De Vis et al. (2017) also arrive to similar conclusions analysing low metallicity galaxies with a huge variety of gas fraction values. However, the errors in the estimation of the molecular gas and the uncertainties in the dependence of the CO to H 2 ratio, X CO , with metallicity and dust grains are large. Moreover, the mass derived from observations depends on several properties of the grains, e.g., opacity, exact composition and internal structure of the grains, not completely known. Therefore, it may be better to use prescriptions that only depend on the properties of the environment where the grains grow. From the theoretical perspective, although there have been several proposals based on the continuity equation. some authors, such as Hirashita (2000), has developed simpler models, which just consider the effect of the temperature of the grains and the density of the clouds. More recently, Hirashita & Kuo (2011) have actualised this type of model to also take into account the effects of the metallicity of the molecular cloud where the dust grows, the sticking coefficient of the dust grains and the size of the grains, obtaining:
This Eq. 30 considers more effects and is more complete than their first model, so we use it in our model for the dust growth via accretion. In it < a > is the mean radius of the MRN distribution, assumed as < a >= 0.08 µm, Z = 0.014 is the solar metallicity, T is the temperature of the atomic phase and n cloud is the number density of the molecular clouds, taken as ∼ 1000 cm −3 .
Therefore, the contribution of dust mass gain in the ISM due to accretion is:
is the molecular fraction of the ISM.
Dust destruction
The other relevant processes involving the lifecycle of the dust grains are the ones that destroy dust grains. These processes are: sputtering, collision with cosmic rays, supernova shock waves, astration, radiative torque of a powerful and anisotropic radiation field,... In our model, we are going to consider the dust grain destruction by astration, thermal sputtering, supernova shock waves and radiative torques. On one hand, we consider separately the dust mass loss due to astration, that is, the mass loss of a specific element in the dust during the star formation process, which is:
On the other hand, the other destruction mechanisms are treated as a whole, considering that there is a characteristic timescale of dust grain destruction in the ISM which we assume as a free parameter. This parameter is going to vary between τ dest = 0.4 Gyr and τ dest = 2.0 Gyr (Jones et al. 1994; Slavin, Dwek & Jones 2015) . However, we are not going to use the lowest and the highest values. Thus, the destruction rate due to SN shock waves, thermal sputtering and radiative torque is:
Equation System
Thus, considering all the processes that have been stated previously, the system of differential equations that govern the evolution of all the phases is:
where E(t) = E X (t) + E Y (t) + E Z (t) is the total ejected gas in the moment t, i.e., the sum of the ejected gas of hydrogen, helium and metals. This scenario of phases change is represented in the scheme of Fig. 1 . Now, we present our GCE model. Due to the incompleteness and inconsistencies that arise when we compare the tables from different dust sources, it is not very precise to distinguish between the different dust species . Thus, we have just packed up the ejecta of all the dust species from each source in order to minimise the artificial errors that the inconsistencies would have arisen. Furthermore, the extragalactic observations from Vilchez et al. (2019), with which we are going to compare our model, do not distinguish among different species. Therefore, we are not discerning different dust species, considering the evolution of all the metallic elements at once. Moreover, we subtract, as explained, the depleted metals from the total metal ejecta. Thus, we track of the time evolution of the surface density of the hydrogen (X), helium (Y), metallic elements (Z) and dust (d) as:
where all terms and symbols have the meaning already given in previous subsections and Table 1 .
RESULTS
We have run 1350 models, varying the five free parameters in the range shown in Table 2 . From this set of models, we first analyse the time evolution of an example model. Then, we study the evolution of the dust-to-gas (DTG) and dustto-stars (DTS) ratios with the metallicity for a subsample of models in order to analyse the effect of the different free parameters on these relationships. Finally, we will compare the results obtained at the end of the evolution for the whole set of models with the available sets of data.
Time evolution of a reference model
We first analyse the time evolution of different key characteristics of the galaxies, such as the SFR, molecular fraction f m , and metallicities Z gas , Z dust (i.e. DTG) and Z stars = Z gas +Z dust (the metallicity of stars born at time t) of a reference model Table 2 . Range of free parameters of our computed models.
computed with the following free parameters: τ = 4.0 Gyr, Σ total = 75.0 M pc 2 , n cloud = 5000 cm −3 , τ dest = 1.3 Gyr and S = 0.7. The example model is not tuned to reproduce any galaxy in particular, but is fairly representative of a typical disk region.
Its time evolution is shown in Fig. 2 . Panel a) represents the SFR, where a maximum appears at t ∼ 8 Gyr, decreasing smoothly afterwards until the present time, where a value of ∼ 6 M kpc −2 Gyr −1 is reached. Then, in panel b), the molecular gas fraction f m is shown to be negligible at the beginning of the galactic evolution, until the production of molecular hydrogen without dust grains creates a critical amount, which pushes on the evolution of the galaxy. The molecular fraction reaches a maximum value of 0.7 at t = 9 Gyr (a little after the maximum of SFR), and from that point it descends very slowly as the reservoir of molecular gas is being consumed to create stars. At the end of the evolution, the molecular fraction reaches a value of ∼ 0.6.
Lastly, we have plotted the time evolution of the metal enrichment of the galaxy, keeping track of the metallicity of the gas as well as the metals depleted in the dust grains, in panel c) of the same Fig. 2 . The metallicity grows with time until it reaches a critical value of Z ∼ 0.3Z . At this critical metallicity, the accretion of dust begins to dominate the evolution in the ISM, and the metallicity of the gas decreases a little as the dust grains accrete metals faster than they are ejected by stars. However, it can be observed that the total metallicity (including metals in gas and dust phase) continues to increase during the whole evolution of the galaxy. Both phases display a similar evolution after ∼ 8 Gyr with an approximately constant depletion factor of ∼ 0.5. Thus, the total metallicity is about twice the one observed in the gas phase, reaching a supersolar value of 0.035 (∼ 2.5Z ).
Variation of the free parameters
In order to test dependence of the results on the different free parameters of the model, let us now vary in turn the adopted values of the sticking coefficient (S), the destruction timescale (τ dest ), the infall parameter (τ), the final surface density of the galaxy (Σ total ), and the mean number density of the molecular clouds (n cloud ). The parameter range covered in the total set of models is given in Table 2 . We have used a selected subset of 11 models from the whole grid to test how the changes in each free parameter affect the relations between the the dust-to-gas ratio (DTG) and dust-tostars ratio (DTS) with the gas-phase metallicity (Z gas ) that we will later compare with observational data. We consider the effect of each free parameter individually, adopting three different values.
DTG-Z relation
First, we illustrate the effect of varying the infall time scale τ in panel a) of Fig. 3 . As this parameter regulates the rate at which gas falls into the galaxy, it affects the time evolution of the dust, metals, gas, and stars. Increasing/decreasing the infall parameter delays/enhances the evolution of the galaxy, reaching lower/higher values of the metallicity, DTG and DTS at any given time, including the present. However, as can be observed in the panel a) of both figures 3 and 4, the DTG-Z and DTS-Z relations remain basically unchanged, because the change of the infall parameters affect equally to the three variables (DTG, DTS and Z); only the speed at which the galaxy evolves is affected.
Next, we have examined the effects of the total surface density Σ total in panel b) of the same Figure, where significant differences are observed between the model with Σ total = 50 M and the other two models, which display very similar behaviour. In particular, low surface brightness implies that the DTG for a given Z gas (i.e. the depletion factor into dust grains) is smaller at early times, the transition to the accretion-dominated dust growth occurs at higher metallicities, and the metal content reached at the present time is smaller (i.e. slower evolution).
Another important free parameter is the destruction timescale. As the destruction of the dust by astration just depends on the SFR, it is similar in all the models with the same Σ total and τ (the parameters which regulate the SFR). Thus, the destruction via SN shock waves, thermal sputtering and radiative torques, modelled by the destruction timescale, is going to play a role on the equilibrium abundance of the dust. As can be observed in panel c) of Fig. 3 , if the destruction timescale is higher/lower, the turning point of the DTG-Z diagram shifts to lower/higher metallicities, but the effect is mild for the adopted parameter range in comparison with the sticking factor S or the density n cloud
The consequences of modifying the sticking coefficient S are explored in panel d) of Fig. 3 . As seen before, the DTG-Z relationship has a very similar shape for almost all the combinations of free parameters: a first part with a quick growth up to a inflection point, where the relation becomes a relatively flat power law. The variation of the sticking coefficient changes the position of the inflection point to higher/lower metallicity as the sticking coefficient decreases/increases. The inflection point is the critical metallicity where the accretion begins to overcome both dust destruction processes and stellar ejecta. As accretion becomes the dominant process of dust mass gain, the DTG increases roughly linearly with respect to Z gas .
Finally, the number density of molecular clouds (n cloud ) is critically involved in the accretion process, and it plays an important role in the equilibrium between dust creation and destruction. Its effect in the DTG-Z relation is the most noticeable of all the free parameters that we have analysed, as can be observed in panel e) from Fig. 3 . As we increase n cloud , the turning point of the DTG-Z relationship decreases, since accretion dominates the evolution of the dust surface density at earlier times in the history of galaxy.
DTS-Z relation
Another interesting trait to follow is the relation between the DTS and Z gas . As we will show, the DTS-Z relation can be also divided in three different regimes: a) at low metallicity, the DTS displays a strong growth up to the metallicity where the DTS is maximum, Z max DTS ; b) at intermediate metallicity, the DTS decreases slowly with the metallicity; c) finally, at high metallicity, the DTS decreases very abruptly with metallicity (although this last phase is not always apparent in our models).
To begin with, the effect of the τ, shown in panel a) from Fig. 4 , is very similar to the one to the DTG-Z case, i.e., this parameter may delay the whole evolution of the galaxy. Thus, for higher τ values, the final state changes, but does not change the shape of the diagram.
The effect of the final total surface density is seen in panel b). Again there is a clear difference between the model with Σ tot = 50 M pc −2 and the other two models which are similar. This indicates a saturation on the effect of the surface density, giving similar results for what refers to the dust above a limiting value around 100 M pc −2
Later, we have analysed the effect of the destruction timescale in the DTS-Z relationship in panel c) of Fig. 4 . As has happened in the DTG-Z relationship the effect of τ dest is a second order effect, negligible compared to the effect of other free parameters.
In addition, we have studied how does the change in the sticking coefficient affects to the DTS-Z diagram. As can be observed in panel d) of the Fig. 4 the change in the sticking coefficient changes the value of Z max DTS to lower values for higher values of the sticking coefficient. Again, as in the DTG case, this parameter give important variations in the relations of the dust with other phases when is modified.
We have also studied the variations that occur to the DTS-Z diagram when we modify n cloud in panel e) of Fig. 4 . The increasing of n cloud enhances the accretion rates of dust, decreasing the value of Z max DTS . These curves result very modified compared with previous panels. This parameter is important in the evolution of the region.
Comparison with observations
After analysing the time evolution of a reference model and the effects of the free parameters in the DTG-Z and DTS-Z relationships, we are going to compare the obtained results with the most relevant studies of the DTG-Z relationship of the literature, namely, the surveys of galaxies of RR14 and De Vis et al. (2017)(DV17, hereafter) . The models that we have selected now from our set of models have the same density of the clouds, n cloud = 10000 cm −3 and destruction timescale τ dest = 1.8 Gyr. We have chosen among these subset models, those with 3 different sticking coefficient, i.e., S = 0.5 , S = 0.7 and S = 0.9 combined with all range of τ infall and Σ total . Furthermore, we will compare the results of our models with the observations of two particular local and well observed galaxies, M 101 and NGC 628 from Vilchez et al. (2019) (V19, hereafter) , to check the validity of our model.
First of all, we see how well do our results agree with the observational results of RR14 and DV17. In order to test our models correctly with the galaxies of the nearby universe observed in RR14 and DV17, we represent only the last value of DTG and Z of each model. The comparison is shown in Fig. 5 . It can be observed that our models reproduce correctly the values in the range of solar and super-solar metallicity. Different free parameters reproduce better these data than others, specially the ones involved in the equilibrium of the dust life cycle. Models which use free parameters more favourable to create dust grains, i.e., S = 0.9, τ dest = 1.8 Gyr and n cloud = 10000 cm −3 , have a critical metallicity at 12 + log(O/H) ≈ 8.20, similar to the value 12+log(O/H) ≈ 8.10 obtained by RR14. Below this limit, our models generally give DTG values below the observed ones.
We must take into account that DV17 and RR14 do not contain the whole information about the galaxies. Thus, DV17 does not consider the molecular gas; and RR14 include this component but do not compute the error bars in the estimate of these data. Both consideration implies that these points are not precise. To include other component in the DV17 data, may produce DTG values be lower, which may be important in the low metallicity region. Moreover, the uncertainties in the data which are necessary to compute DTG may be high, since e.g. HI is usually computed until larger radius than the stellar profile or the oxygen abundances, doing the estimates of DTG for each galaxy as a whole be not precise enough for the comparison with models.
We are going now to compare our results with full data of the galaxies of M 101 and NGC 628 from Vilchez et al. (2019) . Thus, we are not going just compared the DTG-Z relationship, but we are also going to compare DTS-Z and DTG-f m relationships. These three comparison may be seen in Fig. 6, panels a) , b) and c), respectively. Even though there is a big dispersion the mean values for the two galaxies, agree with the results of our model, within the error bars.
With both comparison models-data we find that models reproduce adequately the data in the medium-high metallicity regions, in the two cases, generic trend and particular galaxies. Only the low metallicity region of data in the DTG-Z diagram is not well fitted.
DISCUSSION AND CONCLUSSIONS
Summarising, we have created a model of galactic chemical evolution that includes the whole life-cycle of dust. With it, we have modelled a multiphase ISM with three phases: an ionised gas phase, which would correspond to a temperature of 10.000 K, a neutral gas phase, which would have a temperature of 100 K, and a molecular gas phase, whose temperature would be 10 K. Furthermore, we have created the life-cycle of dust including the synthesis of dust grains in the ejecta of AGB stars, core-collapse supernovae and thermonuclear supernovae, and the reprocessing of dust in the ISM, including the effect of destruction via SNe, thermal sputtering and radiative torques, and the dust grain growth via accretion in the coldest phases of the ISM.
We have computed a set of 1350 models varying the free parameters of our equation system, corresponding to the infall timescale, the sticking coeficient, the density of clouds, the timescale of dust destruction and the total stellar density.
When we compare our models with RR14 and DV17, there are two main conclusions to highlight. On one hand, the transition between the low metallicity and the solar and super-solar metallicity seems smoother in the observations than in our models. On the other hand, our models are underestimating the DTG in the low metallicity range, 12 + log O H ∈ [7.5, 8.15] . This discrepancy may be caused because the transition from ejecta dominated to accretion dominated regimes in our models is more abrupt than expected. A second explanation could be that there is a problem of uncertainty in the observations, or, maybe in our ejecta tables, since the disparity between models and observations happen during the low metallicity regime, which is dominated by the stellar ejecta.
Finally, it is interesting to point out that, when we compare the results of our models with the complete data, i.e., all the information about molecular gas, atomic gas, dust and stars is available for individual galaxies, such as it occurs with M 101 and NGC 628, our models reproduce correctly within the error bars the observational results for the three esential relationships, DTG, f m and DTS with Z.
We have, therefore, the next conclusions:
(i) The relationships of DTG-Z and DTS-Z are mainly affected by the sticking factor and cloud density, showing basically the same shape for variations of the other free parameters.
(ii) The total stellar density may vary slightly both relations when it reaches values higher than 100 M pc −2 .
(iii) Following our model DTG increases very abruptly when a critical metallicity is reached. This critical value depends on the free parameters, mostly the sticking parameter.
(iv) The models reproduce the observations located in the medium-high metallicity regime with variable sticking parameter.
(v) Our models can not fit the continuously decreasing of DTG with decreasing Z shown at 12+log(O/H) < 8.15, since in this regime our models show instead a steep variation. Maybe other method to create molecular gas in the early phases of evolution is necessary, although high uncertainties in the low metallicity galaxies data may also be a cause for this disagreement.
(vi) The data from Vilchez et al. (2019) for NGC 628 and M 101 are very reproduced for our models. In particular, M 101 need a model with S = 0.7 while NGC 628 would be fitted with S = 0.5.
Since these last data are given as radial distributions for the disks of both galaxies, it is our next objective to introduce different radial regions in our models with their corresponding variations in the free parameters, in order to have different evolution in each galactocentric distance. This will allow to compare directly with the set of data of these galaxies. Furthermore, another future objective is to explore the evolution of the different dust grain species, such as, olivine, pyroxene, carbonaceous grains,... More work is, therefore, expected for the close future. This paper has been typeset from a T E X/L A T E X file prepared by the author. Z dust Z gas Z stars Figure 2 . Time evolution of the reference model: a) SFR; b) fraction of molecular gas f m ; c) metallicity of the gas phase Z gas , dust-to-gas ratio Z dust and total metal content of the ISM Z stars = Z gas + Z dust . ncloud= 1000 cm −3 ncloud= 5000 cm −3 ncloud= 10000 cm −3 Figure 3 . Effect different free parameters on the relation between DTG and gas-phase metallicity Z gas : a) infall time scale τ infall ; b) total surface density Σ total ; c) dust destruction time scale τ dest ; d) Sticking parameter S; and e) density of clouds n cloud . ncloud= 1000 cm −3 ncloud= 5000 cm −3 ncloud= 10000 cm −3 Figure 4 . Same as Fig. 3 , for the dust-to-stars fraction. 
